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ABSTRACT 


The impQ'irt'aiice O'f surfaces in plastic deforiaation of metals 
is well established. In spite of several studies made regarding 
surface effects the exact dislocation mechanisms that lead to such 
effects are not yet clearly undorstood. For metals with clean surfaces 
as well as in metals with surface films the results obtained in the 
past arc- contradictory. An examplo of such a contradiction in metals 

t 

'rfith cloan surfaces is the evidence for the formation of hard as well 
as soft, surface layers due to plastic deforma/tion. the present 
investigation the surface effect on plo-stic deformation of A1 single 
crystals ( 99 *9 'i° pure ) were studied in order to clarify the operative 
dislocation mechanism, A1 single crystab with preferred orientation 
as well a,a random orientation wore deformed in tension with, and without 
o-nodized oxide layc^on the surface. Effects of intermittent surface 
dissolution and/or intermittent anodizing wore also investigated. 

Stress rcla,xation tests in air as well o,s when surface layers 'wca'c 
being dissolved were also cai’ricd out. y 

It was found that, surface oxide leyox' always leads to strongthc-' 
ning. The effect of surface dissolution on flow stress was found to. 
depend on the strain level . At strains below about 0,06 surface ' 
dissolution led to a rise in flew stress v/horcas surface dissolution 
above 0.06 strain resulted in a decrease in flow stress. On oriented/ 
single crystals when the E sides through which edge dislocations ; 

i' 

i 

emerge predominantly wore anodized a marked increase in flow stress 


Vas*. obseirved# WhereCvS v;hGn the S sides through which predominantly 
screw dislocations oniergo v/ore a-nedized no cha^ngc v;as observed# 
Similarly v;hen E sides were dissolved at higher f>tr* ino tho flov; 

/■ I 

stress dro.ppod wlierea,s dissolution of S sides produced no, cheuigc in 
flow stress. At lower stra.ins ( tolow ubout 0.06 ) dissolution of ' 

E sides and S sides resulted in 'c. rise in flov.' stressv 

The strengthening effect of. the oxide film seems to be due to 
the film acting as a barrier, to disiocation egress. This conclusion is 
supported by the results of stress relaxation test and diss olution 
of surface layers at higher strains,. The rise in flow s-tresa observod. 
at. lower strains on surface dissolution is indicative of. soft surface 
layers in contrast to- the. o.ther results. The results cf tests on t 
oriented. crys.taLs establish tie dominant role played by|.^dislocations 

the 

in strain hcordening. Thus^^strain hardening rate is more sensitive to 
the glide diatance- of edge dislocations'. 
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IHTRQDUCTIQH AICD LITERATUBE SUBVEY 


Many of the solid state BkcnoEttaia though-fa «f to te properties 
of bulk material really involve the surface or neax surface regions: 
of the materials. Especially the mechanical and corrosionpr^pari^rJlfB 
of materials are influenced by surface and eitriroiasenta] conditions. 
We have as the simplest example the case hardening in steels. 

Ilhere are experimental evidences that a thin alloyed layer at the 
surface makfes the bulk behave as though whole of it is alloyed. A 
thin layer of OT'ide on aluminium considerably improves its mechanical 
and corrosion properties. There are numerous examples to illustrate 
the surface properties. 

Though a much more clear understanding of the atsmlsticc. and 
electronic nature of surfaces is necessary to explain such compli- 
cated phrnomena like Rebinder effect, liquid metal embrittlement, 
electro capillary effect a sina^le mechanistic approach is deemed to 
be sufficient to explain simpler phenomena concerning the way surface 

O'. 

nature effects plastic deformation in metals and -quontly,‘'%he 
many important mechanical properties of metals. , ' . 

Experiments involving tension, creep, fatigue, torsion, have 
been conducted on single as well as polyerystals various metafe 
with their ©'ttl’faoetiatures modified by different treatments. Thus 
specimens have been studied with surface oxide layers, sxirface alloy 
layers, surface films both electro deposited and evaporated and 
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surface dissolution both continuous and intermittent. Also studies 
involving' plastic deformation in changed environmental conditions 
have been carried out such as immersion in surface active agents, 
in vacuum, and in different gaseous atmospheres at controlled pressure 

Apart from their interesting practical applications, studies 
involving surfaces have their importance in the theoretical consider 
ations of plastiodeformation . There is considerable dispute regar~ 
ding the various aspects involved in plastic deformation of metals. 

The nature and degree to which surfaces influence the basic mechanisms 
involved in plastic deformations has been the topic of .dtotcasive 
research. The following is a comprehensive survey of literature of 
works regarding mainly the surface dissolution and surface film 
effects. The mechanical behaviouar of crystalline materials' is 
largely determined by the generation, motion, and interaction of dis- 
locations. Surfaces can act as regions where dislocations are rea- 
dily generated or their motion impeded. These effects are modified 
in the presence of surface films of different nature or when the 
surface is exposed to environments from which surface active species 
may he adsorbed. Consequently in vacuum in the absence of species 
it Can be expected that the properties will considerably change. 

The study of the effect of surface condition on the mechanical 
properties of metal can be done simply by altering the conditions of 
the surface or its environment so as to affect the generation, motio.n 
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and in1;eraction of dislocations , One can readily thai- no^rsriiig- 
the surface with films of different kind -or removal of such films, 
removal of surface itself either intermittentl'y or continuously are 
processes by which surface nature can be considerably altered. On 
the other hand testing in vacuinn or at known pressures with controlled 
atmosphere having known species of gases and testing in electrolytes 
or solutions containing surface active agents are methods where the 
environmental conditionsE are altered. 

In general the results of such experiments are explained on the 
basis of three theories of dislocation generation. The essential 
differences between these models is illustrated in Fig, 1. These 
three mechanistic models differ fundamentally in terms of the type 
of location of dislocations sources considered ta> be primarily invo- 
lved in the deformation process* 

That utilized by Kramer and coworkers shown in Pig, 1-a (l - 9 
Ref.) assu-r.es that dislocations- are generated at internal sources and 
traverse out. As they approach the surfaae a fraction ofthenr get 
trapped near the surface forming a zone of high dislocation density. 
This Kramer calls the "debris layer". Now this "debris layer" acts as 

a barrier for further dislocation egresa. It is difficult, to appre- 

« t^.4! I 

ciate how the dislocations pile up at clean surfaces* Shchukin 

observes that a force tending to pull an edge dislocation out of the 

the 

surface is. resisted by work of forming new surface area whereas 
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screw dislocation can moTe out. This fbjeo^ egr^^wr -^salvetjro 

greater than image force according to ShchuJcin., Then it is possible 
for the nascent surface to support a pile up of edge dislDSs,tions » 

Others assume, Pig. 1 - b, that dislocations are first genar 
generated by the surface sources. Since a source pinned in the cry- 
stal haring its other end terminating at the surface unpinned acts 
as a Pr'.’aldleadi. source twice its actual length wi,tli an image equal to 

its real length acting as the other half. Since the stress required 

lYiv/cvsely 

to activate a source is proportional to its unpinned length 

such a surface source will be activated at half the stress ralue of 
a source in the bulk with both of its ends pinned. So a surface 
source in all probabilities is. the one which is activated in the 
initial stages and half loops traverse inwards away from the surface. 

A third approach is- that of Kuhhmann-Wilsdorf ( 14 ) and has been 
discussed by Latanision and Staehle (l5» l6). They consider near 
surface sources to be the most likely generators of dislocations' in 
the early stages of deformation. Such sources are thought to be of the 
Prank-Head type and are supposed to reside within few microns from 
the surface. Calculations have shown (l?) that such sources illus- 
trated in Pig. 1 -c, operate easily and should be most probable dis^ 
location generators in the early stages of deformation. They generate 
loops^ portions of which escape out of the crystal easily because of 
their proximity to the surface and the other portions move into the 
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interior. However they propose that for such sources surface can 
still act as a harrier though as in the first model how this can 
occur is not clear. 

The various phenomena observed involving surfaces can he s=«yiEn 
in the light of these three models, 

SUK F ACE^KEMOTA L ; The effect of surface removal has been studied 
extensively by Kramer and coworfcers (l - 9)» (l) They report that 

when aluminium mono crystals were pulled in tension during diaaealutior 
in an electrolytic cell the extent of stages I and II cf work hard- 
ening increased a nd the stress at which stage III began decreased 
and work hardening coefficient in all 5 stages decreased (l). The 
influence of surface removl on these parameters was even more marked 
when the removal rate was increased upto a maximum of 0*2 jX- /sec. 
Increasing the strain rate at a constant, rate of metal removal redu- 
ced the effectiveness of this treatment (l). (2) Critical resolved 

shear stress was not affected by changes in the metal remcvol rate, 
( 3 ) The initial yield stress and work hardening behaviour of alumi- 
nium crystal defibrmed into stage I could be recovered by surface 
removal, Fig, 2. Kramer reports this behaviour in gold mono cry- 
stals as well. 

Surface removal effects and other effects are sought to be 

explained by Kramer on the basis, of the existence of a preferentially 

work hardened surface layer where the dislocation density is higher 

if » 

than that in the interior of the crystal. This is the debris layer 
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which serves as a harrier for dislocations' a,gains't which they pile 
up to exert a hack stress. The net stress' / acting on a mobile 
dislocation can he represented as 

where is the back stress associated with debris layer 

is the stress associated with the presence of internal 

obstacles, 

is the applied plastic stress. 
where applied shear stress, Jq is- -fee CESS, 

has been determined bydiSptfteiiifrg^ specimens to a given 
strain -unloading and removing a predetermined amount ofm!3,t"'Jl from 
the stxrface electrolytically. GEho difference between thefinal flow 
stress andi&itial flow stress upon reloading is- taken as a measure 
of the decrease in ^ due to removal of debris layer in whole or 
in part. Such experiments indicate that debris layer can. extend 
to a depth of 60-100 microns and that ^ Increases linearly with 

strain in stages II and III, Kramer concludes that work hardening in 
stage I is- confined primarily to surface layers which implies that 
transition’ to stage II will occur at lower strains for smaller cry- 
stals* But in general it appear^ reverse is true (l8,19). Pabiniak 
and Kuh'lmann-Vilsdorf (20) have aiso reported recovery of the initial 
yield stress by removing 50 - 100 fK from the surface of lightly 
deformed alximlnlum mono csrystala-. In contrast however IfakadaJ^Chal- 
mers(2l) were unable to detect any lipfluenc© of electro polishiig on 


eljfetst^cy peiStJitetnar 



7 


the s'u.'bseq.uent tensile behairioTir of gold crysi;Bls» They howeneer 
found the flow stress of deformed alunrinliinr crystals lower after -sur- 
face remo-ral and suggest, that electro polishing effects are assool- 
the 

ated with presence of surface exide film. 

Worzola and Robinson (lO, 22) observed in silver mono cryst- 
als oriented for single slip that by alternately removing a few 
microns of material from the carystal and then incrementally stressing 
they were able t» double the extent of stage I. However the slope 
of the stress-strain curve in stage I ( Oj ) was identical to that of 
a similar crystal strained without intermittent removal. They fur- 
ther observed that the extent of easy glide could be increased if the 
surfaces were impacted lightly with Bilicon carbide particles. In 
stage II however neither intermittent removal nor particle impinge- 
ment affected the flow curve, Hig. 5 

Worzola and Robinson explain these resulted in terms of the 
operation of surface sounoes. If a debris layer ia; at all formed 
then sprintling the surface with silicon-carbide particles would be 
expected to create additional debris' and additional locking of dis- 
Ijcation and this would lead to further hardening rather than increase 
the extent of easy glide. If surface sources are the ones which 
operate then polishing would introduce new surface sources by the 
intersection of grown-in dislocation network by freshly produced sur- 
face. Sprinkling the surface would also producehalf loop sources 
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such as observed in ionic crystals. If SEurface sources are involved 
in yielding then primary / and secondary slip systems should be 
readily activated leading to a surface layer which ispreferentially 
work hardened relative to the interior of the crystal. Kitajima 
etal. (12, 15 ) studied the orientation dependence of preferential 
surface hardening in copper and '-brass. They found that'surf ace 
removal in stage II leads to a decrease in the rate of preferential 
surface hardening presumably related to the reactivation of surface 
sources and/or a decrease in the hear surface dislocation density. 
They report that for copper crystals deformed in stage I the density 
of dislocations is higher in the region extending 40 - from 

the surface than in the interior. The geometry of the crystals they 
used were such that the intersection sf primary edge dislocations 
with ( til) surface would be revealed as etch pits along primary slip 
directions while slip steps will be observed, on alternate pair of 
faces, Fig. By studying the variation of etch pits distribution 

as a fimctlon of distance from ( ) surface Kitaj ima etal. cons- 

ider that the variation in dislocation density is quite opposSie to 
what one would expect if dialocatisns. produced in the interior were 
to pile up at (111 ) surface. So they conclude that instead dislo- 
cations are produced at the surface of (ill ) by surface soxirces as 
shown in Pig. 5» They also consider that the advancing primary 
glide dislocations, interact with thenear surface primary and aecondaiy 
dislocations thereby leading to a. dislocation rich layer extending 
40 - 70/^ from the surface. Thi/s agrees vwlth their estimate of 
the mean free path of screw diLatio cation® near the surface. 
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But the results of identical experiments by Block amd Johnsofii 
(25) showjj^ no dislocation rich layer to a depth of jJL • In. fact 
their experiments suggest a decrease in density near the surface 
followed by an increase towards the interior. The factors contribu- 
ting to this discrepancy in the results of Block & Johnson and 
Kitajiraa etal are not cleatr. 

But it seems that their interpretation of etch pitting results 
is not unambiguous. Both sets of these data can also be explained 
by the operation of near surface sources (24) • Evidence suggesting 
this sort of behaviour has been provided by Mitchell etal ( 25 * 26 ). 

Despite all these evidences a strong disclaimer for the exist- 
ence and operation of surface sources is. presented by Priedel (27). 

Specifically if the slip planeon which a potential surface snurce 

o 

lies cuts the surface at any angle other than 90 then there is a 
strong image force ir.duclng the dislecation to cross slip into a 
position normal to the surface. This then will act as an effective 
pinning point inhibiting any tendency for preferential operation of 
the source unless all other sources are heavily locked. Calculatin 
ons of Lothe show ( 28 ) that there exist specific angles of incidence ef 
dislocations for which dislocations can be truly normal approaching 
the surface. In practical terms metal surf aces are rarely clean and 
uni or such conditions' the surface aouxces will normally be pinned. 

It therefore seema that surface sources are likely to be involved in 
the yielding proc ass under very special ciroumstancea only. 
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The resultTS of continuous dissolution of surface of nickel 
mono crystals are explained by latansion and Stachle (l5» 16) in 
terms of preferential operation of near surface sources. 

Crystals containing 0,1 vf/o carbon were deformed in uniaxial 
tension in 1 h H^SO^ under potentio- staticcontrol. Under these 
conditions the air formed film is quickly removed and surface kept 
clean. It was found that removal of approximately 5 of material 
from the surface immediately before or during elastic drformation 
resulted in substantial decrease in the value of from that of 
identical crystals deformed in laboratory atmosphere. In addition 
continuous slow removal of surface increased the extent cf stage I 
while was' slightly decreased. Likewise stage II was extended and 
0 decreased, Fig, 6. The slip lines formed while the surface vpsb 

w 

being actively dissolved^ were stronger and more widely spaced than 
those produced on crystals deformed in air. 

Since i& reduced by surface removal prior to d.eforraation 
thiS' parameter does not depend on imtemal sources. This is, 
not explicable in terms of debriae layer hypothesisE since thisia sup- 
posed to form only after yielding although. Kramer has recently 

at 

suggested that micro, plastic yielding stress below CRSS may create 

A 

debris layer which may subsequently be removed by dlsaclutlon (50)» 
One factor not in favour of the atixf ace source operation is- tRe obso3> 
vation that the slip linea formed during active disrsolution were 
stronger and more widely spaced them those crystals deformed in aiir. 
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By aontinuous dissolution since the oxide layer and other pinning 
factors are removed continuously the surface sources must operate 
more freely and extensively and on many slip lines^in which case both 
the spacing and intensity of slip steps should decrease, 

Latanision and Stachle thus- consider that the preferred •per- 
ation of near surface sources may he the moert appropriate mechanism. 
They site as- a supporting pointer the ;si5rri'-t.cd yic-lding in nieJcel 
mono crystals when they are cathodically polarised during deformation 
Serrated yielding implies a strong interaction between moving dislo- 
cations' and solute atoms of hydrqspn the point of interest: being that 
at the potenifcial use d^ 6 00 mV (sCE)^the depth of penetration of hydro- 
gen into the crystal could not be more than 15 jj, « Sumlnos calcu- 
lations (17) indicate that near surface sources pradicing lo«ps under 
t'loir strong image forces can produce large number of dislocation 
loops than the internal sources, Pabiniak & Kuhlmann-Wilsdorf (51) 
also point our that the surface acts as a good vacancy sink and hensce 
the near surface region will be of vacancies thus, allowing 

dislocations to be free of jogs and kinks. On the other hand the ■ 
same region may have an above average concentration of solute atoms 
If this layer contributes to a hardening then clearly removal of such 
a layer prior to deformation will lead to a drop in CRSS ( ) as 

observed by Latanision and Stas hie. Obviously solute segregation *. 
and vacancy depletion are two 'opposing factors and near surface sour 
ces will act under conditions and at depths; where these effects are 
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optimim. Recently Lohne and Rustad (36 j have suggested a disloca- 
tion multiplication mechanism operating close t-o a surface. Zone 
refined aluminium single crystals were mounted on a is-ng X-ray camera 
stressed in a controlled way and phtographed in stressed state. 

Prom the results they propose that primary dislocation close to the 
surface cross slip to reduce their line length making anchoring points 
at which aiagle edged Plank-Read sources may start operating and pro- 
duce rows or bands of new dislocations. 

.-.v inother possibility of reduction in suggested by Latanision 
aind Stachle envisaged the elimination of back stress on near surface 
sources arising from a dislocation rich sub surface layer which may 
exist in undeformed crystals ( 52 ). This is distinct from Kramers 
debris layer and is: suppoa*-d to arise because image forces can pull 
grown-in dislocations, into* dictrrted regions of the lattice below 
the surface where they become trapped. The degree to which such a 
dislocation rich layer might develop would depend on a number of -fee 
tors including crystal structure, specimen orientation, original dis^ 
location distribution and severity of surface lattice distortion (l 6 ) 

Pleisher's (35) calculatxonsEsikrtr that dislocations crossing 
into a region of different space lattice along the slip direction must 
create sessile dislocations. Hence the surface: itself with its 
different near surface space lattice will act as a source of surface 
hardening. 
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miE_CpOTRpYERS„Y OyE_R SOFT S URFA CE LAYERS 

In contrast to the above results Fourie (37-4l) has reported 

cone very interesting behaviour in mon*! crystals. In hisp work slices 

ranging from 0.03 to 0.6 mm. thick from the surface and interior of 

were cut, 

mono crystaJ-s both as grown and prestrained to various extent ^ The 

A 

variation ef 'flow stress with the distance of the layer .from the 
surface, Fig. 8, indicates that in crystals prestrained through stage 
I there is a gradual increase in flow stress for the slices cut from 
the interior than those from the surface. This is more pronounced 
at higher prestrains in stage I though at initial stages there is' no 
appreciable difference. 

At the onset of stage II the flow stress' gradient increases; 
sharply over that which existed in stage I and becomes even more mar- 
ked in later stages of deformation. 

Fourie interprets these results ( 57 - 39 ) in terms of 

(a) operation of dislocations sources throughout the crystal 

(b) A net dificiency in edge dislocations of one sign extend- 
ing over a distance from the original surface equal to mean free path 
of edge dislooations;^.uch- a deficiency at -fehe surface would delay 
onset of stage II hardening in surface regions assuming Hirsch's 
model for work hardening. Thua a slice taken from the near surface 
region would exhibit an extaasive stage I while one from the interior 
would exhibit only limited easy glide. One can conclude from thin 
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that tha interior of a crys1fa.l work hardena rooro rapidly than the 

surface regions cf a crystal. This is in "rariance with the conclusion 

reached hy Kramer, Kitajima, Young etal. However Pourie^s work was 

dene on specimens thick in comparison to thoa<;5 of other workers so 

he 

that size contrihutions mayj^relevant- (42). Another possible cause for 
the discrepojicy isi that dislocation deni ties and structures of 'thip 
foils may not be representative of the bulk material from which the 
foils were prepared (43) due to dislocation rearrahg’ement and losses, 
during electrolytic thinning* In this point, the, rapid relaxation of 
the surface layer stresses on unloadisag (6-8) observed by Kramer and 
accelerated relaxation which occurs with decreasing specfinen dimen- 
sions (6) imply that foil taken from alicea near the surface well 
be denuded of dislocations by the time they are examined (44*45)* 
Purther the dislocation density me; asurements by Fourie (58) begin at 
a im' n-? TTnim distance of 100^ fbroni the unslioed crystal surface which 
is just outside the range of thickeesa of debris layer reported by 
Kramer, On the other hand all attempts utilizing oenventional trans- 
mission electron microscopy have alesfailed to detect any above aver- 
age density of dislocations in. the foils prepared from near surrac© 
regionsE (46-48). Brydes (49) attempted to explain unloading yield 
point effect on thebasiau of a soft surface layer formed during f!cst 
loading portion of the stress cycle. Duquette (50) opines that Pour- 
les and Kramer’s works are dissimilar and hence are not contradictory. 
He proposes a moohanism where surface 0 ou(rcos are first involved in 
plastic, deformation and at later stages when these are inactivated by 
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tangling praces’s ±bb inix. rT-rl rorxo-'R* take over. jChese then pile up 
at the SEUxface .ionning a debris layer. As deformation proceeds the 
surface dislocations can finally move out while the bulk dislacaticns 
cannot. This results in a soft surface and hard Interioi: Recently 
Pourie (40,41) fnom his experiments on copper single crystals seems 
to have resolved the soft-hard surface layer controversy in favour of 
the former. In this experiments sub surface regions of copper shgle 
crystals which had been i strain hardened in tension to the end of 
stage II was studied by transmission electron microscopy. Sections 
bounded by origdLnal surfaces as well as seotiona- further below surface 
were investigated. It was found that sub surface dislocation struc- 
ture was in agreement' with flow stress distribution curves ’uhich" i'liii- 
cate the existence of a soft surface hard core arrangement in strain 
haxdened crystals?* Foxirle (41) also olserred that removal of a sur- 
face envelop hy chemical polishir^ *a fires trained crystal in the tm- 
candition^ reduced the unloading 

loa.vf yield point. He concludes that additional hardening which is 

i 

introduced during unloading is localised to the surface region. The 
surface in the stress released state is envisaged to harden with res- 
pect to its' dynamical state but nevertheless to remain softer than the 
core. 

The formation of a work hardened surface layer is alato sensi- 
tive to the character of tho dislocations passing through the gtirf-crce 
Hakada and Chalmera ( 55 ) have worked on aluminium mono crystal® which 
were so oriented, ( Fig. 7 ) that through one pair of sides ( S sides) 



16 


screw dislocations emerged and from the other pair of faces (E sides) 
edge dislocations emerged* They found that alternate polishing of 
S sides and incremental stressing led the cjrystals to' behave in a 
manner identical to a crystal deformed without polishing. On the 
other hand crystals wheae E-aides were polished behaved in a similar- 
fashion. as crystals polished on all sides. They ebserved these effe- 
cts only at low strain levela below 2, 5^ whereas at higher strains 
this effect ise not observed. They conclude that different mechanisms 
work at lower and higher strain levela. This, and other works (l8,54) 
where it' was sho-wn that flow curves of P.C.C, mono crystals is especi- 
ally sensitl-ve to the length of glide path of edge dislocations^liphS&ldfiii 
that surface hardening is associated with emergence of edge disloca- 
tions. Thus work hardening behaviour of single crystals is- a function 


•f orien-tation as well as crystallographic relationship between its 


principal slip direction and surfaces. 



Eff ect of Solid Surface Films i 

The number of possible ways dislocations react with surfaces 
will be modified in the presence of solid surface films. As erpladned 
in the earlier- section three models for the possible modes of dis- 
location generation were suggested. Wh i le in clean crystals it is 
doubtful whether a surface can block dislocations, the presence of 
oxide films on. the surfaces will block the mo-vement of dislocations. 
Similarly the surface Prank-Read sources can also be pinned by the 
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oxide la3''er on surfaces. Conseq.uently dislocati-joifi generated either 
internally or near the sircface will he hlocked at the metal-film 
interfaoe. One possible reason why ,a solid surface film can ‘block 
a dislocation is that the substrate and the film hare different ela- 
stic moduli! , Usually a film haTing higher elastic modulil will 
repel the dislooaticns' raising its strain energy as they approach 
the surface. In addition to shear modulus interaction the disloca- 
tions. may also encounter internal stresses near the regitn of inter- 
face. Some of theae effects can be examined in the light of experi- 
ments on film effects'. 

Rosooe's discovery in 1954 that thin oxide films on cadmium' ■ 
mono crystals lead to a significant increase in their yield stresa 
has Tp«en corroborated many times by experiments involving electro-: 
.polishing to remove oxide layers, electro deposited •r evaporated 
film, or alloyed layers. Reviews by Kramer-Remer (51) metals., 
Westwood for non metals (52) and others by Machlin ( 55 ) Westwood ( 54 ) 
(55) j Grosskrentz (56) Benson ( 57 ) and Westbrook (56) have clearly 
documented the influence of films on crystal plasticity. Barrets 
(58, 59) abnormal effect illustrates dramatically the role of surface 
films. He found that tiristed^or polycrystals of zinc or iron on 
immersion in acid lead to a further twist in the original twisting 
direction. This was attributed by Bar^rett to the escape of dislo- 
cations piled up at the metal oxid.e interface as the oxide gets diss- 
olved in acid. A more detailed study by Holt (60) indicates that 


r 
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such an effect is observed only in samples twisted in excess of 10° 
and is associated with non crystallographic cracks in the oxide film 
at 45° to the wire axis . Other workers have interpreted fatigue 
(61,62) creep (63) and tensile behaviour (64-68) of film covered metals 
in terms of dislocation blocking models. Strenghtening effects were 
observed in metal mono crystals with electrodeposited or evaporated 
metals (63-65), thin oxide or hydroxide films (6I, 62, 66-68), In 
general such films increase both the yield stress and rate of work 
hardening and in same cases the three stage work hardening of FCC 
mono crystals is suppressed (69). Fig. 10 shows the effect of 2 
nickel chromium films on the stress strain curve of copper crystals 
similarly oriented for easy glide. Much af the earlier work of similar 
nature has been discussed b-"- Andrade (70). 

Latahision and Stachle observe (16) that the presence of a 
150 - 200 A° NiO/MO^ passive film on 99 • 8?^ pure nickel mono crystals 
increases the yield stress and produces a generally parabolic stress- 
strain curve, Fig. 10. 

Adams (73) noted that pres-ence of small amaunts ( 1^ of zinc 
in the surface of pure copper mcnc crystals produced yield drops. 

When the zincified surface is polished off the specimens became softer 
and yield point disappears . . 8^ zinc at the surface ^however inc- 

reases the yield stress significantly. These results were explained 
by him in terms of preferential operation of surface sources. Assuming 
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that slip "begins -ria the operation of surface sources zinc in the 
surface would raise the CRSS hy alloy hardening. However provided 
the strength of surface layers is not doubled surface sources would 
still operate. In heavily doped crystals the surface scuroes would 
all be locked and other sources would have to be operated raising 
the yield stress to twice the value of pure copper. Ros« (74) obser- 
ved that CRSS of copper crystals coated with silver was hardly effected 
"but when the crystal w§,s heated to form alloyed layer CRSS increased 
and worlo hardening behaviour was same as that for copper alloy crystals 
containing a low but homogenenusly distributed concentration of silver 
while these are interpreted in terms of the eperation of surface 
sources others feel that (75) they are better explained in terms •£ 
preferential operation of near surface sources the point being that* 
surface sources will be locked by sxirface film* or alloyed layer. 

It was recently re-ported by Patterson and Greenfield (77) that an 
alloyed region of 0.4 to 2 yCC from the surface created by limited dif- 
fusion of Hi and Au t* form various surface concentration gradients 
affexted corresponding gradients in elastic constants and lattice 
parameters. The maximum strength increase was about three times that 
for pure oepper. Rate of work hardeniitg and extent stage I defor- 
mation altered correspondingly.* 

Grosskreutz has observed (82) that in metals deformed in 
vacuum ( 10“^torr) there was a tendency for entrapment of dislo- 

cation dipoles just beneath the surface and this tended to reduce 
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' e extent of surface slip "band formation. Grosskrentz suggests that 
modulus of thin filmCjOOO a'^ of Al^O, is increased fourfold under vacuum 
possibly due to water vapour removal. He observed Increase in fracture 
strength by 50 % in vacuum sb that reduced tendency for slip band for- 
mation at the surface may be both due to elastic repulsion effects and 
to increased strength of the film. Jemian and Law (sj) studied abnormal 
after effect en polycrystalline wires coated with different metals 
having elastic medulii lesser than and greater than that of the sub- 
strate metals and conclude that the elastic modulus effect is negli- 
gible. 

Pleischer ( 29 ) from his studies, tries to explain the strengthe- 
ning by oxide films entirely on. the basis of the load carrying capacity 
ci the film. The behaviour of the crystal may be described by assuming 
".hat the bulk material, has a yield stress^f^ and the surface oxide 

layer an effective strength at yielding ofC?f , Por small values of 

o 

one the n finds ( S being the effentive thickness) 

where A/Y = 2(h+w)/h w, w being width and h the height of the 

2 

cross-section. He finds thattj^ = 46 gms/mm. as the volume yield stress 

6 2 

and = 5 x 10 gms/mm for the effective oxide strength if an oxide 

thickness of I 50 A*^ is assumed as a reasonable thickness. This resTilt 

6 2 

compares well with an effective strength of 2.5 - 5.0 x 10 gm/mm 
neasured byT'’akamura (95) using samples of varying oxide thickness, 

the mismatch 

It has been proposed that in the lattices of the substrate and 
:he film, also traps the dislocations at the interface, Evans and 
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" cvarzen'ourger (84) have pointed that transfer of a dislocation from 
a substrate of different orientation hut the same crystal structure, 
because of mismatch will produce pile ups a,t the interface* A film 
may detach to accommodate slip steps and a polycrystalline film may 
crack* 


Brame and Evana (85) Johnson & Bl^ck (76), Ruddle and Vilsdorf 
(86) have studied effect of thin mone crystal films of various metal© 
evaporated on to a monocrystal substrate of palladium; and silver such 
that film and substrate lattices are in parallel orientation. Any 
mismatch between lattice should be accommodated by a two dimensional 
network of dislocations Big, 14 , Effectiveness of this network 

as a barrier would diminish fox smaller lattice . mismatch* By 
transmission electron microscope study it was seen that dislocations 
transfer indeed occur for misfits around yfo but blocked at larger 
misfits* Ruddle and Wilsdorf ( 86 , 89, 90) have reported that oriented 
copper mono crystals coated with 6OO epitaxial electrodeposit of 
nickel yield in tension at approximately half the stress required 
for unplaced crystals Pig, I5 , They interpret their results in 
terms of theoretical predictions of van der Merwe (87) and Jesser. and 
Kuhlmann-Wilsdorf ( 88 ) that for lattice misfits of 4^, an electro depo- 
sited film will be ^elastically strained to match the substrate lattic-e 
at least in the early staggs. Johnson and Block ( 7 ^) demonstrate 
that the magnitude of strengthening effect cannot be escplained in 
terms of lattice mismatch alone. Por example an electro deposited 
gold coating strengthens copper and though the mismatch is 11 . 5 ?^ 
the gold film' behaved in a ductile manner. Epitaxial rhodixim also 
produced strengthening and though' the mismatch was onlv 
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brittle cracking. Epitaxial copper with zero mismatch also prodnced 
s tr enghening . 

Block and Johnson (76) earlier had reported that there existed 
a perturbation of flow behariour of a crystal which had been plated 
and stripped a3 compared to an unplated crystal and attribute this to 
subsurface damage by the plating. They explain this by saying that 
film cracking eithesc prior to or during information may create stress 
"ulses and these inject dislocations into the substrate. But Prida: s etal 
(78) attribute this to the fact that these two experiments were done 
on two different crystals, the difference in flow stresses being well 
within experimental errors for two samples. Instead Pridam etal hare 
done experiments on the same sample to eliminate the .''.mbiguity. Copper 
single crystals were prestrained with no film- unloaded and plated. 

O’ 

Eren when no cracks were found there was an increase in flow stress. 

In another case when coating was applied and removed at similar stage 
the deformation behaviour was unperturbed. They conclude that damage 

zones have negligible ej§.fect the reason being, other zones covering an 
area 99 » 5 f° of bulk volume remain unaffected by damage zones. 

Mention must be made regarding the Rebinder effect, electro 
capillary effect, liquid metal embrittlement and stress c ' ' ' i-, 

.racking* Though obviously related to surface effects the detail.-J 
of these are beyond tlae scope of this investigation. 
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In the present study, the effects of anodic oxide 
filiES^ on the plastic deformation of alumimam single crystals 
have heen studied, It is' clear from the previous studies that the 
edge and screw dislocatians play different roles in the strain 
hardening of metal crystals with relatively clean surfaces. One 
of the aims of the present investigation has been t^* obtain furth 
-er evidence for the differences in the parts played by edge and 
screw dislccatiane in the strain hardening by selective oxidation 
of certain surfaces of aluminium single crystals. Further it is. 
hoped tO' understand the mechanism of hardening in crystals when 
oxide layers are present on the surfaces. 



24 


EXPERIMBiraiL PRO CEDUEE 


It con.sis'ts of growing alnininium. single crystals, cu.tting 
V.', -^’1 t:? saita-ble sises, determination of orientation by X-ray method, 
preparation of tensile specimens, by suitable techniques and mechanical 
testing. 

CRY STAL-GRO¥!I'H ; Modified Bridgmann technique was used , Fig. 15, tu 
grow the crystals in a graphite m*ld. The method is a modification 
of 25one refining technique and it essentially involves directional 
solidification. The metal in solid state is held in a crucible and 
a molten zone is. allowed to traverse through the length of the material 
starting at the bottom tapered to a sharp - V. At a suitable 
rate traverse of the hot zone only one nucleus forms at the bottom 
of the crucible. Hence as the top is reached generally a single cry- 
stal is. left behind. An internally wound resistance heated furnace 
was used for this; purpose. A coil of a 16 gage Kanthal wire of 
grade "A” was wound on a dummy, a cardboard tube of 5" outer diameter. 
Over this., high alumina cement (Pire Greet.) mixed into a thin paste 
with water was evenly applied such that the coils were l/8 below the 
cement skin. This was allowed to dry in air fox 5 days and then the 
coilsj were connected to a regulated power supply. Power was adjusted 
to get a temperature of 150° and the furnace was allowed to remain in 
this, state for 2 days, The temperature was then raised, to 400°C and 
the furnace allowed to remain at this, temperature for another 2 days. 



23 


This slow' and gradual heating was to ensure a gradual and comrplete nemairal 
of moisture since rapid heating in the heginning eiauaces the cement to- crack 
'The furnace -was then allowed t« heat to a high temperature and the card- 
ooard dummy burnt off. Then, this whele asEsembly was fixed in an alLumdl- 
nium shell of. 6" diameter with the ends closed and fixed by asbestos^ end 
plates. The apace between the cement and ^ellL was filled with asbestcs 
powder. The furnace power rating was adjusted to a suitable iralue knaw- 
ing the resiatanoe and other neceaaary parameters from the KanthaL-hand- 
book. 


In the early stages of cryatal growth, troubles were encountered 
ue to faulty mold design as well as inadequate atmosphere control. In 
the first place high purity aluminiluor pellets were used. It was found 
that due to i n adequate atmasp} ere control the surface of thepelleta rapi- 
dly oxidized. This preTPented the molten metali inside the pellets to 
coalesce. After cooling the pellets, remained as pellets with a thick 

oxide coating around. This behairiour persisted ei^en at a temperature as 
0 - 

high as3 900 0 in. the crucible. As a remedy a gas purification train was 
used to purify argon gas. But effective plugging of leaks was-' found to 
be extremely difficult. 

It was then decided to evacuate the tube uaeinig mecharaisal pump 
throughout the period of crystal growth. But' time and material availabi- 
lity were factors-, which prevented the construction) of such a unit. Prior 
to letting in argon and heating^ the tuibe •was evacoated fcsr 1 hour ursing 
rotary p-ump. But. even by tMffl procedure the pellets did not molt '-.d 
flow dcwu'. PurififiFd argon; was used at thm® stage and a two stag© melting 
was attempted. Argon was sent; through a gas train consisting respecti- 



vely of Keklers reagent to remoTre oxygen, KaOH, CaCl^ to remoTr© the 
-.cisture, copper turnings heated to 400°C to remoTC CO^ and titanium pel- 
lets heated to 900 °G to absorb oxygen. It then, passed through diffusion, 
pump oil into the system^ PelletsD were '-y^-tiirc. the spherical seed portion 
and the top portion and wefe separately heated to cause nreltinig. A parti- 
al melting- could be achieved but; the metal again did not fliow down the 
stem-. It was: decided to- cast the seed and the stem seperately. Air melt- 
ing was tried successfully but thisr required a preheating of the mcsld which 
severely eroded the mold walls. Finally the seed was ^ccessf\illy cast 
in a vacuum induction melliing unit. Ihe stem portion was cut from a sheet 
rolled from a piece tf aluminium, cut from an ingot of high purity metal, 
ihey were into strips of suitable dimensions and filed such that they 

could be planed easily in the mold slot. After effecting some HBodifications 

ft 

a 3 channel nro-ld, Fig. 20, was finally used and 3 crystals, eatch of l/8 x 

It It 

1/4 cross section and 6 length were grown from a single seed at a time. 
First, a single crystal seed of spherical shape was: grswni and the stem por- 
tion cut off. This was- them eriented in the desired direction using Back 
Beflection. Laue UBethod of X-ray analysisu The desired direction was; obt- 
ained and the spot marked. This was; then placed in the mo.M cavity with 
the miarked spot at the stem slat. By trial and. error the temperature of 
the furnace, the p*siti»n of the h-it zone and time were adjusted for a 
partial melting of the spherical single cryadral seed. The furnace was; 
then raised slowly and h<xt zone allowed to reach the fop. The rate of the 
zone travel was adjusted to be 1" per hour and foe maximun temperature of 
the furnace was- 900° C, The furnace was; then coaled down by reducing the 
voltage and when the furnace cooled down to 400°C an annealing run was.: made, 


Bvem at thi® stage the midatiion problemi could not; be comptetely 
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liminated in the absence of a perfect leak proof gasc purification train, 
file result was ai- improper joining of the seed and the stem, Thiff was 
due to two reasjons. The oxide layer formed ob the see'd as well as the 
stem bottom prevented joining. The stem itseir having an oxide layer 
a'co’ond gets stuck to the mold walls rendering the non wettable mature of 
graphite useless, Thi® led to pronounced surface irregularities as well. 
This, problem could be solved partially by placing a weight over strips 
placed in the slot which protrude over the top. Thus as soon as there is 
a partial melting in' the seed the steiro is pushed down into the melt, 
br&aking the film. But this difficulty can be overcome only in a high 
vacuum' or a leak proof system with highly piire inert gas . 

C rystal Cutting s and Orientationi determin ation. in_B ^ck...Rg.£lfixdl±ai^^ 

Crystals were out free of strain using an acid crystal cutter, 
he crystals attached to the seed was gently transferred to the crystal 
holder and mounted firmly with melton paraffin wax. The stem was 

then cut off from the seed and the crystal cut into pieces 4 9™a« in 
length. The acid meed.ed was a mijrture of 50^ ^ 2 .nd dilute EOl. 

The crystals! were then fflounted. on a gondloBieter: and using back refl- 
ection Lane method the orientation was determined. Tungsten radiation 
was used and an expo*mre of 1 hour was enough to get sufficient mmber of 
spots . 

Preparation Of Teneils Specimen ta s 

Polishings Electro' polishing, waS' used wit|r advantage to get the req- 
uired. specimen shape, a arort of ele ctzo- machining, and to get a mirror 
■"ight polish. 

Grystalffi wer® etchedi in- dilufite HtEL our dilute HP and washed with 
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distilled water. They were then dipped in dilu^te HaOH sarlutian to remove 
any grease. An initial chemical polishing was tried in various acid 
mixtures consiating nitric, hydrochloric, orthophosphoric and acetic 
acids. Though they gave a bright surface, polishing conditions were not 
properly controllable. Moreover the surface irregularitiesE' withj quite 
pronounced and deep depressions or ridge® had a tendency of getting 
attacked vigorously and to become ’.deeper and wider. So it was decided 
to go for electropolishing straightaway. The best electrolsrfce was found 
to be a mixture of perchloric acid and acetic anhydride mixed in the 
proportion:: 345 : 655 ml, ( 94 )* This mixture has a danger at being 

xplosive above 30 ^C, So adequate precautions have to be taken to cool 
it. The cathode, a small aluminium or stainless steel vessel containing 
the solution wa® cooled externally in ice. To get a fine polish ’tthe 
speeinrem was. ro’hated in "tlir electrolyte at around 100 rpm. This was 
connected to the anode sf the power supply through graphite bushes. 

It wa® seem -that imder nsrmal polishing conditions ’the polishing 
was not at all satisfactory. To polish a ape-cimen in the plato region 
an initial degree; of surface smoothness isp. required. A fairly good 
mechanical polishing would be necessary ini-ttially to get a good electro 
polish under normal polishing conditions. 

But the na’fture oi the specimen and its. shape; and size forbade any 
meehanical polishing. Bader normal electro polishing oonditions ’tthe 
polishing being extir.emely aiaw, even after lours of polishing the sur- 
face ridgesB could not be rentoved. They tend to get deeper due’' ’to pre- 
feren’tial attack, g-md; widen out. They persisBted even after removal of 

I? 

nearly 4 -tthi'.ak materiiali, -tfllough a bright surface- was.- ob'ftitined. 



It was observed thatt- above the plato region' undax high ■current- 

conditions the ridges were not attacked preferentially, thes; surface was 

dissolved rapidly and the ridges started disappearing. But the. specimen 

was rapidly thinned doim and the solution gets heated up in a matter of 

a fractio^j. of a second. This is dangerous since the electrolytic mixture 

above has a reputation of being as explosive as TNT. Moreover the 

specimen cannot be allowed to get thinned down too much. Also the chucks 

, " 

were designed to grip a speciiaen 1/8 thick. So 1 cm. on either side 
was masked off by a suitable insulating material leaving a small portion 
at one end for. the gripping in a clip. Shellac, dissolved in methanol 
was tried. But this' peeled off fast. It was found that a thick coat of 
e'oizon war dissolved in tri chloro ethylene, after i*ying, was very effective 
lurther trouble was e''iCountered due to rapid heating of solution at the 
edges' of wax coating. The specimen was etched deep at this, junction and 
the portion on either side formed necks s'o that the cross section’ at these 
places was well below that, in the gage portion, thus rendering the spec- 
imen useless for testing. 

At this stage aluminium cathode was used and under how voltage 
(below the plato region) conditions as well as high current conditions 
aluminium from the cathode as well as anode dissolved in large ._T,u.:mti.ti^s 
and the resistivity of the solution dropped rapidly. At. a certain stage 
it was as low as 10 - 12-0- (•hms). When polishing in this solution was; 
tried under high current conditions, at 8-10 amperes, some of the earlier 
diffieultiea were overcome entirely, 

(a) The ridges weree not etched deep. On the contrary they were 
not attacked due to an overalll rapid attack and removal of surface layer®. 
This led to the oblitteration of the ridges rapidly. This solution did 
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not got heated fast and allowed for a polish of 3 - 4 minutes ,r,t a s:tretch. 

(b) At the : edge of the masked regions no preferential attack 
took place. In fact there was a taper as is obtained on standsurd machined 

epGcii.iens . 

(u ) Ihrcughout the length of the gage there was uniform attack. 

The resulting surface was fairly smooth but not bright. After 
polishing this in a fresh solution for just over 10 minutes a mirror 
bright finish was obtained. This s-pecimen has the advantage •£ having a 
thinner section at the gage portion as compared to the grip portion thus 
eliminating the grip problems, 

I'-idisings V/herever necessary anodizing was done in a solution of tar- 
taric acid and ammonia adjusted to 5«5 P-^I* Ibe thickness of the oxide 
layer is given by the standard voltage-thiokuess relationship for thiS' 
limiting or barrier film technique, Por thiS' solution 1 volt gives an 
oxide layer 13 *5 thick. This, is- one of the solutions that gives a very 

compact non porous oxide film- and it is for this reason the. solution was 
preferred, A milli ammeter was connected in series and power supply knob 
turned slowly such that the- current does not shoot up above 25 m.A. It 
takes 2-3 minutes to reach 80 T under such conditions and the- current 
gradually falls back to zero. Strictly speaking 'Hae' current does not 
fall to zero but reaches a very low and -I stable ’ ‘'i^alue whioh is 
called the leakage current. At this stage power supply was cut off and 
the specimen taken out and thorcughly washed in distilled water. The 
cathode used was an aluminitim’ vessel which- holds the solution, 

Mechanioal Teffitings Experiments carried out, mainly consisted of test, ng 


specimens at room temperature and at 0°C in tension on IHSTROlif machine 



The gage length, width and thickness of the specimens were measinxed accu- 
rately prior to testing. The grips used for tensile testing were made 
of brass and is shown in Fig, 17a. Pig. 17 b shows the outer jig assembly. 
The specimens were mounted, keeping the grips in the casing. The grips 
vrere held in position with a top cover fixed on to the casing with 
screws. The whole assembly was then mounted- on to the machine and the 
cuter covering removed. This procedure was followed carefully throughout 
to ensure that no undue pressure or damage is^ inflicted on the single 
crysitals while handling. The scheme of experiments is given in table 


number i 1 . 



SGHEiyiE OP EXPERIMBUTS ; 


The table giiren below.' showe the scheme of experimonrlis , the. first 
six with specimens of preferred orientation (Pig. 20), the last ten 
randomly oriented specimens* .Pig. 19 • shows the relative orientation of 
all the crystals, 

we-ce 

Unless otherwise mentioned all surface and oxide dissolutions wss 
dons by electro polishing the specimen. In cases where the amount of 
material removed by electropolishing is required it is indicated. Here 
dissolving 2 w = x microns means total material removed from the width 
section, (on either side) is. x microns. Likewise 2t = y microns denotes 
a total removal of y nEicsrons ftom the thickness of the specimen. This 
difference in thep rate of metal removal from width and thickness is due 
to the rectangular cross sectional shape of the specimen, as well as due 
to small eaeentridities in the rotation af the specimen. 

Anodising was always::' done at SOY amoxinting to an exide thickness 
of 1080 A° from, the standard 1 volt = 15*5 A® relationship for the tar- 
taric acid ammonia solution at 5«5 pH. 

In some of the oriented samples during surface dissolution either 
the opposite broad faces or thin faces were masked off. In such, oases 
the amount of material removed respectively from thin faces or broad 
faces is given in appropriate notation. Throughout a strain rate of 
0,01/mimito was used. The gage length, of the specimens tested was 2 cms. 



TA3LE I 


Specimen Nature of Steps involTed in 

Number the Test tho Test 


Figure No 


1 


To study the a. 
effect of ^ 

oxide layer 
on S-sidos and c. 
the intermit- ^ 
tent dissolu- 
tion of S-sides 
as well G . 


f . 


S-sides anodized at SOV 

Dissolved 2t=55*5/^ 

Dissolved 2t=22.5/^ 

At room temperature 
for 10 hours 

Dissolved 2t=187.5/^ 

Dissolved 2t=320 


No. 21 


2 


5A 


Effect of a. 

oxide layer ^ 

on the E-sides 
and the effect 
of intermitt- d. 
ent dissolu- 
tion of E-sides 

e . 

f . 


E-sides anodized at SOV 

Dissolved 2t=27.5 
Dissolved 2t=15 

At room temperature 
for 10 hours 

Dissolved 2t=292.5 ^ 

Dissolved 2t=57»5 A 


No. 22 


Surface dis- a. 
solution tests ^ 
on E-sides lea- 
ving S-sides c. 
masked to avoid^ 
dissolution 

e. 

f . 

g- 

h. 


Clean crystal 


Dissolved 

Dissolved 

Dissolved 

Dissolved 

Dissolved 

Dissolved 

Dissolved 


2t=57.5 A 

2t-110.0 

2t=217.5 

2t=62.5 > 

/ 

2t=212.5 JJ' 
2t=77.5 
2\i =47. 


No. 23 


3B Surface disso- a. Clean crystal 

ing E-sides c. Dissolved 2w=100 
masked Dissolved 2w=l65 

e. Dissolved 2w=47.5 

f. Dissolved 2w=107.5y^ 

g. Dissolved 2w=72.5 

h. Dissolved 2t=42.5 
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Specomen Mature of 
I'lum'ber the Test 


Steps involved in 
the Test 


Figure Ho . 


4A 


Surface dissolu- a. 
tion test start- ^ 
ing with a cry- 
stal the E-sides c. 
of which are ano- , 
dized at 80V. 
Anodizing is done e. 
at other stages 
as well followed 
by dissolution 


E-sides anodized ait 80V 
Dissolved 2t=70 
Dissolved 2t=285 
E-sides anodized at 80V 
Dissolved 2t=524 ^ 


Ho. 25 


4B 


Surface dissolu- 
tion test start- 
ing from a cry- 
stal the £-sides 
of which are 
anodized at 80V 
Anodizing is 
done at other 
stages as well 
followed by dis- 
solution 


a. S-sides anodized at 80V 

b. Dissolved 2w=26^^^ 

c. Dissolved 2w=107 

d. S-sides anodized at 80V 

e. Dissolved 2w=43 ^ 

f . Dissolved 2w=64 


Ho . 


5-A 

Tensile 

0°C. 

Test 

at 

cryc trl 

tested clean 

5-B 

Tensile 

0°C 

Test 

at 

crystal, 

tested a^^ter anoclisi. 
at. 80V 


6-A 

Tensile 

0°C 

Test’ 

at 

Same as 

5-A 

6-B 

Tensile 

0°C 

Test 

at 

Same as ' 

5-B 


7 Tensile Test at 

room temperature 
with intermittent, 
surface dissolu- 
tion 


a. Clean crystal pulled 
in tension 

b. Dissolved 2w=40 

2t=55/‘ 

c. Dissolved 2w==62 ^ 

2t=55> 

d. Dissolved 2w=117 

2t=74 ^ 

e. Dissolved 2w=520y^ 

2t=190 A 

f . Dissolved 2w=107 

2t=45 y- 

g. Dissolved 2w=151y^ 

2t=78 J>' 


0 0 
> 
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opecimen. 

i'iumber 


Nature of 
the Test 


Steps involved in 
the Test 

h. Dissolved 2w=457/^ 
2t=198 


Figure No 


a. Crystal anodized at 80V 50 

b. Dissolved 2w=54.5/^ 

2t=24 J[.0 

c. Dissolved 2w=128'’jU/ 

2t=44 

d. Dissolved 2w=452 /* 

2t=114 ^ 

e. Reanodized at 80V 

f. Dissolved 2w=83 
2t=58 ^ 

9 Intermittent surface a. Clean crystal 51! 

dissolution in -u r/- x o • j. • kt act 

b. Kept 2 minutes in 5/" NaOIT 

c. Kept • ti 

d. Kept 5 minutes in 3% NaOH 

e. Kept 10 minutes in 3i° NaOH 


8 Tensile Test start- 

ing from an anodized 
crystal followed by 
intermittent dissol- 
ution of surface 


10 Intermittent surface a. 
dissolution and ano- ^ 
dizing done alter- 
nately c. 

<3 . 

e . 

f. 

S‘ 

h. 

i. 

j- 

k. 


Clean crystal J2 

Anodized at 80V 

Oxide layer removed 

Anodized at 80V 

Oxide layer removed 

Reanodized at 80V 

Oxide layer removed 

Reanodized at 80V 

Oxide layer removed 

Re anodized at 80V 

Oxide layer removed 


11 


Intermittent sur- a. 
face removal star- ^ 
ting from clean 
crystal c. 


Clean crystal 


Dissolved 2w=S 


Dissolved 2w=12. 

2t*-.12. 




Specimen Nature of 

Number the Test 

e . 

f. 

S- 

h. 

i. 

0 

k. 

l . 


Steps Involved in Fi^re No. 


the 

Test 


Dissolved 

2 w =90 

A 


2t=53. 

7 /^ 

Dissolved 

2 w =20 



2t=17 


Dissolved 

2 w =20 



2t=25 

A 

Dissolved 

2 w= 12 . 

5 


2 t= 12 . 

5 

Dissolved 

2w=67 

/■ 


2 t =40 

z 

Dissolved 

2w=85 

r 


2 t =50 

r 

Dissolved 

2w=13 

z 


2t=7 


ATLO'ilj^ed 

.ot 807 


12-A Crystal anodized a. 

after stressing 
it to a predeter- 
mined level 

12 -B Crystal anodized a. 

and oxide layer 
stripped off at 
the stress level 
at which above 
crystal was' ano- 
dized 


15 Tensile test at 

room temperature 
starting from an 
anodized crystal 
and then re anodi- 
zing it. at regu- 
lar intervals 


Clean crystal 34 

Anodized at 80T 

Clean crystal 

Anodized and oxide 
layer stripped off 


All steps from a. to g. 33 

involves anodizing spe- 
cimen at 80 T 


14 


Stress relaxation a. 
test in air as 
well as in.. 3 % , 

NaOH 


Stressed to a level of 3 6 

=0.8145 Kg./mmf, = 0.177 

Stressed in air 


■b. Stress Relaxation in air 

c. 3^ NaOH applied 

d. Washed in distilled water 


. Dried in jet of acetone 


, Reloading in air 


e 

f 



pecimen 
i'l ■umber 


Nature of the 
Test 


Steps involTed in. 
the Test 


figure -No 


g. Stress relaxation in air 

h. yfo NaOH applied 



RESULTS AUL DISCUSSIOi'JS 


CRYS TALS WITH PBEPER REI) wRIEinTATIOH (, CRYSTAL RUJffiSRS i 
(FIGURES s 1-6} 


2» 3A5 jB, 4A,4;i 


These crystals were oriented as shown in Fig. 20. Uo.l was 
oriented as in 20-h and the rest as shown in 20-a. The sides through 
which edge dislocations emerge out predominantly are teimed as E-sides 
and the sides through which screw dislocations emerge out predominantly 
are termed as 5~sides. 


Figures 21 and 22 show the effect of oxide layer on the s -sides 
and E-sides respectively. The stress at which the specimen no. 2 yields 
0,6 Kg, /mm? is greater than that for no.l ^,48 Kg./mm? j But the 
slope of the SEtress j(curve. for specimen (l) ie greater than that for 
r pecimen no. 2. 


Due to non availability of more than one specimen of. the type 
no. 1 all the following tests were carried out on specimens of the t3rpe 
no, 2. So for ''trlKaw. crystals E and S sides had different areas, E sides 
having approximately douhl© the area of S-sides. For these crystals 
surface tests combined with ano'ditihg were done intermittent'f^ 


Figs. 23 and 24 show, the effect of dissolution of E sides and S 
sides respectively on specimens J '^k and 3®* Dissolving surface layers 
from these crystal© below a critical strain raised the stress level 
considerably. This effect was observed in all other specimens both ran- 
domly oriented and those with preferred orientation. Dissolving appro- 
ximately 25 microns from the- E faces as well as S faces raised the stres 

]-'Vels apprOXimatelV to fhea aama t.n o --r, . 



59 


were dissol-red beyond a strain ©f 0.05 -rro-ntr t 

«ry little drops in stress 

lerels were observed, in JA when E side>R 

siaes were dissolved the drop was ' 

marhed. There was a drop at a strain of n noc jx 

• itself as shown in step- 

d, but a further deformation and subseoijPTY+- ;i • 

H nv dissolution once again pro- 
duced a rise in stress level at. 0.05 stvan>, ^ , 

^ strain and thereafter dissolution 

resulted in drops. 


When S-sides were dissolved in 5 -.a +i, 

in 5 A there was no effect as seen 

from step-h. But a dissolution of E-sides 
in step-h. 


in 5-B produced a marked drop 


There is an overall softening effpo+ x, 

S eiiect for the specimen 5-A whose 

E-sides were dissolved as compared ta 5 B +i, c 

> the b-sidosof which were dis 

solved except in step h. This, is clear from x / 

OHi the stress/strain curves. 

For specimen 3A for a strain level of 0 7 +1, 

the stress level is 1.12 

Kg. /mm. in’ fig. 23 and for specimen 3B =+ steers® 

at the same strain the level is; 

1.5 Kg. /mm? (Fig. 24). ^ 


Figures 25 and 26 show the effect of • . 

of anodizing and dissolution 

on tho E side, and S-sldea for apeci*ns 4A and 43 reapeom^ly. Anc- 

dialng E-sidas in 4A ahowa a higher yield eiress initially ( 0.64 

..0 oonpared to 43 the S-aidea of whioh „ere anoiiaed (0.55 Kg./tM?). 

This is in- with the observation for anoot-n, t r, tx x., 

^ specimens 1 and 2. Further 

dissolution of S-sides in 4B continued to show tt . 

anew small rises in stress 

level upto a strain of 0,10 and thereafter sman ^ , aix ^ 

^ small drops whereas anodizing 

had no effect whatsoever as seen in step-d, Fig £6 

But dissajmti©®) «f E sides after s 

^ a strain of o.Ol caused the 

steesa. level to drop appreciably as aeen fn c+r^ 

or a aeen in steps c and e of 4A. teo- 
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step d, fig. 25 . As in 3A and there was an overall softening effect 
for 4A the E-sides of which were involved in anodizing and dissolution 
treatno.-t as compared to specimen 4® the S-sides of which were involved 
in dissolution treatment. This is apparent, when the stress levels of 
4.4 aad 4*^ aro compared at a strain of O.O 4 . 

In the case of aluminium, tha- surface is always covered with a 
thin natural oxide layer, the properties of which arc noU clearly known. 

An anodized crystal has a surface oxide layer thicker than ths above 
mentioned natural oxide layer. Generally an oxide layer on the surface 
'.'ould block the dislocation egress whatever be the meohanism by which 
thoy are generated. Thus they would pile up at. the oxide-metal inter- 
face and the crystral may be strengthened at a rapid rate. Prom Pigs. 21 
and 22^ the yield strength of the crystal whose E sides were .'^nadxzed 
( 0,6 Kg, /mm.) is seen to bs' higher than that of the crystal whose sides 
S-sides were anodized ( 0.48 Kg, /mmf) ( 4 ). Though a comparison of stress 
values in two specimens is not strictly valid, the higher yield stress of 
specimen no s 2 may ¥e due to the reason that the surface oxide layer is 
expected to be a more effective barrier in the case of edge dislocations 
than for screw dislocations. The fact that for crystals 4A and 4® both 
of which were cut from the same parent crystal no.4» the yield stress of 
specimen no. 4A whose E sides were anodized is higher than that for specimen 
4 B whose S-sides were anodized corroborates the above conclusiom. 

The work hardening behaviour is also sensitive to the glide path 
of edge dislocations as seen from Pig, 21 and 22. The crystal no,-l 
work hardens at a faster rate as compared to crystal no 5 2. The glide 
path of edge dislocation in crystal 2 is approximately half the' glide 
path of edge dislocations in crystal no:l and this leads to the lower 



ra-te of work hardening crystal no -2 Figs .■ 22 and 21 . One would 

exnect higher rate of work hardening in crystal no; 2 since the F sides 

e dge 

of this crystal are anodised leading to a rapid pile up of^dislocations 
at the i^etal-cxide fili^ interface whereas for crystal no^l the screw 
dislocations would not he much affected by the oxide layer on S~sides; 
But since this ‘does not seem to be the case one can conclude that work 
hardening rate is sensitive more to the glide path of edge dislocations 
than to the film 1 »arrier effect. 

The results of surface as well as intermittent- anodizing also 
establish the different roles tho edge andthe screw dislocations play 
in the hardening process. The initial rise in stress level when sur- 
face layers were dissolved intermittently below a critical strain 
level is one which is observed even in crystals which are 

randomly oriented. This will be discussed seperately in the later 
sections; but it is to he noted that surface dissolution from both E 
and S Sides lead to this type of behaviour and ' probably the mecha- 
nism of work hardening is different- at lower strain levels as compared 
to strain levels above 0,05. Intermittent surface dissolution of 
S-s:des carried out for specimen 35 Fig. 24 and specimen 4-B Pig.2^ 
resulted in small drops in stress levels whereas equal amounts of dis- 
solution fr#.iii E— sides in specimens 54. Fig, 23 and 44 Fig, 25 at 
identical levels prodiiced greater drops in stress levels. This shows 
that edge dislocationc ar® effectively blocked at the surface and get 
piled up thereby leading ho a work hardened surface layer where the 
dislocation density is possibly higher than in the bulk. When sucln 
a layer is dissolved the bulk becomes softer and hence a fall in the 
stress level. Whereas hhe screw dislocation having a greater amount 
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of freedom can cross slip and get annihilated when they encotmter screws 
of opposite orientation. Sr the pile up of screw dislocations at S- 
faces will not he as significant as that of the edge dislocations ' . 
and hence lead to smaller drops in stress leTels when the S-sides were- 
dissolTGd as seen from fig. 24, 26. This is thoroughly confirmed from 
steps-h of figs. 25 and 24. Whereas in steps a to g the E-sides of 
the crystal 54 were dissolved in step h the E-sides were masked off 
and the S-sides were dissolved. This leads to no drop in stress level 
whatsoever. Likewise for crystal 5® in Fig. 24 in step-h the B-sides 
of ■ it wero dissolved leading to a significant drop while in all ether 
steps the S-sides were dissolved and show no significant drop. 

Similarly figs, 25 and 26 for 4A and 4® show the effect of intermittent 
nodizing. In Fig. 25, step d when the E-sides wex^’ anodized for 
specimen 4A there is a significant rise in strecs level while in 
fig. 26 step-d anodizing S-sides for specimen 4® had no effect. In 
these crystals intermittent dissolution of E-sidea lead to a general 
softening of the specimen as compared to the dissolution ?f S-sides. 

These observations axe in accord with the results obtained in similar 
experiments by J^akada and Chalmers. 



llMDOkLY CPE:;r5D SPECDvIEirS s 

'Hie , ffect of th.e surface oxide layer is shewn in Pigs, 27 & 28 
for SHecxEiGn nasi 5 ^ Prr oath orientation two specimens w^-re t-ested 

O 

one with an anodized oxide layer 1080 A thick and another after elsKitr* 
polishing. In general the yi-eld stress of specimens- which were ancedized 
was higher than that for specimens tested without the beniflt of an 
anod-izing treatment. While for specimen no-, 6 the strengthening effect 
persists to higher strains, for specimen no, 5 the two- curve'S' are almost 
identical beyond O.O7, Ihis difference is due to the- difference in 
orientation for the two crystals. Specimen no, 6A showed a 3 — ®'tage work 
hardening- behaviour, while in 6B when tested after anodizing this- was 
suppressed, 

Mien a tensile test was interrupted and the sample was- 
anodized, on restraining a marked s--trengthening effect was observed. 

Such tests were done upto- abo-ut O.O7 tensile strain only. This is clear 
from step e of Fig. 30 , steps b,d,f,h of Fig. 32, step 1 of Fig, 33 and 
step- b for crystal no. 1 - 2 -A of Fig. 34. But when initially anodized 
samples were interrupted at strains, beyond 0.06 and reanodiized the- 
flow s.tressi was observed to- decro.ase ( Fig. 35 steps a to f ), The 
effect Q'f surface dissolution at low strains; ( belo-w 0,05 to 0'*06 ) 
can be seen in stop b o.f Fig. 29 , step b of Fig. 3O', step b of Fig. 31 , 
stops c,e,g,i,k of Fig, 32 and s-teps b to i of Fig, 35 * This behaeviour 
is- observed for different amounts of surface dissolutio-n. In Fig, 33 it 
is- seen from- steps- g,h,i that the slope of stress/strain curve f'alls- 
rapidly on stres-sing after a surface dissolution treatment. Also- surface ^ 
dissolution following anodizing- and stressing caused, an increase in I 
flcjw stress, i 
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But dissolTing surface layers intermittently above a strain of 
0.05 to 0,06 always lead to drops in Blow stress. This is clear from 
steps c to h of Pig. 29, steps c,d,f of Pig, ^ 0 , step e of Pig, 3I and 
steps j and k of Pig. 33 « Bnt surface dis'solution greater than 200 
did not effect preportionately greater drops in stress levels. When- 
ever la rge amounts of material was dissolved, the sftress values were 
corrected to compensate for the drop due to reduction in. cross' secti- 
onal area. 

To study the effect of any sub surface damage during anodizing 
crystal no,,9A was anodized after interrupting the test at a pre deter- 
mined stress', level and def-^rmed further. Crystal 9 ® was anodized and 
oxide layer stripped off after interrupting the tensile test at the 
same stress level at which anodizing was done for 9 A* While for 9 A 
a strenghtening was obaerved^fox 9® 0^ further deformation an abno: -t 
rmal incraase in fl'^w stress was observed. This is. ahcwn in step b 
for both 9 A and 9B in Pig. 34. 

Pig, 36 shows the results of stress relaxation test in air as 
well as in 3 /^ KaOH, Upto step b and from g to h stressing was done in 
air and from b to c as well, as from, g to h the specimen was allowed to 
undergo stress relaxation in air. At c and h, a 3 ?^ J^aOH bath was applied 
.rmi seen from: the figure there was a sudden dr«p in stressB level. 

If. should be noted here that Takamura reports yield stresses 
for 99.99?^ pure' aluminium that, ranges for 100 to 300 gm/mm^. But in 
our case generally the yield stresses are higher (around 3OO-6OO gm/mm^) 
which may he due to higher anount uf impurities. It will also be app- • ; 
ropriate to take note of Takamtira‘s work with different electro polishing 



baths. The thickness of the oxide layer left over after polishing 
with Jaquet's bath (perchloric acid + acetic anhydride) was found to 
be around 100 A° while that left- over after polishing in orthophosph- 
oric acid baths was around 500 A°. He found that the thicker oxide layer 

had a greater strengthening effect. Bui the s-trength properties did 

for 

not differ much for specimens electropolished in Jaquet*s bath and^those 
with a natural oxide layer formed after the surface oxide layer was 
removed by etching in dilute ECl, The thickness of this naturally 
formed layer was found to be 50 A°, 

Of the various mechanisms suggested in’ literature to explain 
the iiliH’ strengthening effect viz,, Fleischer's model •£ strengthening, 
film barrier for dislocation egress, locking of surface sources, sub 
surface damage and residual stresses, the film blocking of dialoaation 
egress leading to a pile up appears t« be the more attractive. What- 
ever be the mode of generation •f dis location they will be expected 
to pile up at the metal/oxide interface. The instantaneous drop in 
stress level when a 5/^ NaOH bath was applied to a specimen undergoing 

tress relaxation in. air lends credence to the above supposition. This 

twisted 

Is similar to Barreto's abnormal effect in specinrens. The dislocationfiE 
piled up at the rac.tal i/oxide interface move out of the crystal » 
when the oxide layer iss dissolved by the EaOH bath. 

The results of surface dissolution tests conducted inttennitifc- 
ently starting either- from? a cleani crystal ©ranodized crysEtal above a 
straini of 0,05 to 0*06 are als:o in- general agreement with the supposititn 
thaf dislocations pile up at the sEurface forming a dislocation xioh 
layer. When this- layer is dissol-ved naturally the flo-w-' stress decreases. 
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A result that, cannot he explained in terms of the oxide laye-ir 
acting aa. a harrier to the egress of dislocations is the- following, 

'.'hen an anodized specimen is further strained and the test interrup- 
ted and the specimen reanodized the cracks in the oxide layer will 
heal up and this should normally strengthen the. crystal. But such a 
treatment, actually lead tO’ a drop in fZsm stress, Uh-is may posslhly 
he due to the reason that loca,l heating that may occur during anodiz- 
ing at the. high strain levels involved ( above 0.06 ) may cause 
some annealing thereby leading to the- softening observed. 

Experiments were conducted to see whether anodizing causes 
sub stirface damage thereby contributing to the stre^thening effect. 

In crystal 12 A when anodizing was done after interrupting the tensile 
test a normal strengthening was. observed on restraining. But when 
ano-ther crystal of same orien-uation^12 B^was anodized and oxide layer 
stripped off. immediately thex-eafter^ an. abnormal strengthening was 
observed. If this, were to- be due ito sub surface' damage or residual 
stnass.ea^ then understandably the rise in stress level shculd be less' 
than that for. 12A with an. oxide layer . This and the treatment, being 
well belo-w' the 0,06 strain level points' tO' the phenomensEnwhat may be 
termed as, "surface: removal effect at strains below O'. 05 to 0.06"'. 

The increase in flow stress following a surface disfialution be'l- 
ow a .strain Q.f 0,06- may be due to. removal of. a soft surface layer 
formed during deformation; as., observed by Paurie in copper single crystals 
But. the natural O'xide layer on aluimiiniumi should normally blac.k the 
dislocation egress thereby stopping any soft surface layer formation, 
Putti-ng a thicker oxide layer by anohilzing leads to a strengthening 



and dxs,l3.Ga1i'iccns are expeciicd to pile^ irp at the intoTface ar.cT 
dissolving surri'aco layers should lead tO' a drop in flaw stness, 

3 -at. oven this lead to an increase in the flow strross. One other. 
possihilit;/ of explaining this anomoly is in terms, of solute loclcing 
ol dislocations. At the low strain levels solute a,toras of small 
impurities present to diclocaticn sites under the unloaded 

condition , This pins down the dislacations in the dynamic state and 
leads to a hardening » 
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COKCLU&IOI^S 


CO Anodized axide layer causes an increase in the strog’tii oi’ 
aluDiinlum ' crystals . This- is likely to be due to the oxide film 
ac't±ag as; a barrier for dialo'cation egress* 

(i>) Dissolution oi surface layers beyond a strain level of O.O 5 to 
0*G6 leads, to a drop in flow stress. The depth of dissolution upto 
which this softening is observed is 200 microns, 

(li'i) Below about 0*06 strain surface dissolution leads to an increase 
in flow stress in contrast to that observed at strains beyond 0 ^ 06 , 

(i'/) Reanodizing a crystal following an initial anodizing and stressing 
lead to a drt?) in flow stress on further deformation in tens i(im_^ beyond 
a strain level csf 0’»06, 

CO The blocking effect of oxide films is more effective with 


edge dislocations than with the screw dislocations. The yield stress 
of cr^ystals^^ the edge faces- of which wore anodized is higher than tho-t for 
erysfals^the screw faces of which were anodized. Anodizing edge faces ; 
after the crystal has been stressed initially raises the flow/ stress' 
whrroas. the flowf stress of crystals, -the screw faces of which woro- 
anod'Xjaed after an initial stressing,, remains unche,nged, Likowiso 
dissolving the screw faces at higher strains had no effect on flow 
stress; while d-isanlving the edge f -aces produced a marked drop in 
flnw stress • 


(y‘9 Tiiie. glide' distance of. edge dislccatiohs is more important in 
governing the wtirk Iiardening rate of single, crystals. , 
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